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Abstract 
We study the temperature dependence of the underlying mechanisms related to the signal strength 
and imaging depth in photoacoustic imaging. The presented theoretical and experimental results 
indicate that imaging depth can be improved by lowering the temperature of the intermediate 
medium that the laser passes through to reach the imaging target. We discuss the temperature 
dependency of optical and acoustic properties of the intermediate medium and their changes due to 
cooling. We demonstrate that the SNR improvement of the photoacoustic signal is mainly due to the 
reduction of Grüneisen parameter of the intermediate medium which leads to a lower level of 
background noise. These findings may open new possibilities toward the application of biomedical 
laser refrigeration. 
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Introduction 
Photoacoustic Imaging (PAI) is a promising functional and molecular imaging technique for a wide range 
of biomedical applications [1]. PAI combines the technological advances of both optical and acoustic 
imaging, i.e., the high intrinsic contrast of optical imaging and the spatial resolution of ultrasound imaging 
[2, 3, 49]. Every material, including bodily substances, has a specific optical absorption coefficient unique 
to endogenous chromospheres in cells [2, 3]. The substance to be imaged is illuminated by a nanosecond 
pulsed laser of a specific wavelength which correlates to the highest absorption coefficient of the subject 
[4-7]. The amplitude of a photoacoustic signal, 𝐴𝑃𝐴, is proportional to the light fluence, 𝐹, an acoustic 
attenuation coefficient, 𝜉, the optical absorption coefficient of the imaging target, 𝜇𝑎, and, a temperature 
dependent coefficient, 𝛤, known as Grüneisen parameter (Eq.1). 
𝐴𝑃𝐴 = 𝜉𝛤𝜇𝑎𝐹             (1) 
     The temperature dependency of the Grüneisen parameter has previously been explored in 
several studies [8, 10-18, 20]. There are also studies showing the temperature dependency of the 
scattering coefficient of the tissue [19-24]. There is not sufficient evidence about how the 
absorption coefficient of tissue alters with temperature, particularly in the range of temperature 
investigated in our study [22-24]. 
      Recently several research groups have developed temperature-dependent PA systems based on the 
dependence of Grüneisen parameter to temperature, in biological tissues [25-28]. Following thermal 
nonlinearity theorem, Simandoux et al., investigated the thermal-based nonlinear PA generation to 
discriminate between different types of absorbers [29]. Zharov developed an ultrasharp nonlinear 
photothermal (PT) and PA spectroscopy system, which enables an enhancement in specificity and 
sensitivity of PT/PA spectral analysis [30]. Based on the same principle, Tian et al. developed a dual-pulse 
nonlinear photoacoustic technique [31]. Wang et al., developed a Grüneisen relaxation photoacoustic 
microscopy (GR-PAM) system in which two laser pulses with a specified time delay were employed, one 
for thermal tagging, the other one for signal generation [8]. They showed that when the second laser pulse 
excites the tagged absorbers within the thermal relaxation time, a stronger photoacoustic signal than the 
initial one is obtained. In another configuration, they used a continuous wave (CW) laser for thermal tagging 
and observed that the performance of their method is diminished. Although this scheme enhances the 
photoacoustic signal generated from the imaging target, the same mechanism can compromise the 
penetration depth due to the undesired thermal excitation of intermediate medium.  
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There have been studies that have utilized the temperature dependence of Grüneisen parameter to improve 
the PA image by increasing the temperature of the imaging target without increasing the temperature of the 
intermediate medium [8]. Here, we propose to decrease the temperature of the intermediate medium while 
keeping the temperature of the imaging target constant. In biological tissues due to multiple scattering, the 
fluence is significantly affected and the photons are greatly scattered especially after they reach the diffusion 
limit (i.e., ~ 1mm). Such scattered photons generate background PA signals which reduce the signal-to-
noise ratio (SNR) of the PA signal generated from the imaging target. Cooling the intermediate medium 
reduces such background signals, and increases the SNR of the PA signal of the imaging target. 
In this study, we report the theoretical considerations and experimental observations for the SNR 
enhancement in photoacoustic imaging by cooling the intermediate medium. The proposed cooling 
mechanism opens up the possibility of using the laser refrigeration technology in the future. This approach 
creates an efficient channel through the biological tissue layers, which in turn, can significantly improve 
the penetration depth in photoacoustic imaging.  
 
Theoretical background 
The process of signal acquisition in photoacoustic imaging is comprised of three steps: laser 
light illumination, conversion of deposited optical energy to initial pressure via thermoelastic 
expansion, and a broad-band PA wave propagation through the medium. In PA imaging, the initial 
pressure, p0, is generated according to Eq.2. In Eq.2, the Grüneisen parameter (dimensionless) 
relates the absorbed energy to the changes in the pressure. 
𝑝0(𝑟) =Γ(𝑟)𝜇𝑎(𝑟)𝐹(𝑟)         (2) 
Biological tissues are highly scattering in visible and near infrared (NIR) range. Light 
propagation has a sophisticated behavior in tissues, and can be described by the radiative transfer 
equation [32] and its approximation, i.e., the diffusion equation [33, 34]. Different tissues are 
characterized by their optical properties, namely, absorption coefficient, scattering coefficient, 
anisotropy, and refractive index. As light passes through the tissue, it is attenuated due to the 
absorption and scattering. Hence, any change in these parameters can alter the fluence; leading to 
a change in the PA signal amplitude.  
Grüneisen parameter is defined as: 
Γ = 𝑉 (
𝑑𝑃
𝑑𝐸
)
𝑉
=
𝛽𝑣𝑠
2
𝐶𝑝
           (3) 
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Where β is the thermal expansion coefficient, vs is the speed of sound in the medium and Cp is 
the heat capacity at a constant pressure. There is also an acoustic attenuation coefficient, 𝜉, which 
accounts for the PA wave attenuation as it travels through the medium. Temperature change can 
alter the optical and acoustic properties of the tissue, and thus the PA signal strength. 
Effect of cooling of the intermediate medium on the SNR improvement can be explained using 
the method proposed by Steven L. Jacques [55]. The background noise level is determined by 
calculating the velocity potential at different temperatures. We consider a tissue with a uniform 
speed of sound, vs, inside which there is an imaging target. There is an ultrasound transducer placed 
on the surface of the tissue. PA waves generated from the target at the distance r from the 
transducer reach the transducer at time t=r/vs. The PA waves from a hemispherical shell with a 
radius r and a thickness dr = vsdt reach the transducer at times between t - dt/2 to t + dt/2. The 
noise, PAnoise, is calculated from the PA contribution of the shell that is not in the imaging region, 
as described by equation (4).  
dtdPA backgroundnoise                                                            (4) 
where  represents the density and background  the velocity potential.  
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where  is the thermal expansion coefficient, Eshell,background is the averaged deposited light energy 
on the shell outside the target region. The PAnoise that reaches the transducer at time t is: 
backgroundshelloutsidenoise EtPA ,)(                                                                     (6) 
PAsignal is calculated from the PA contribution of points on the shell that are in the imaging region 
and can be calculated as:   
ettshellinsidesignal EtPA arg,)(                                                                       (7) 
where Eshell,target is the averaged deposited light energy on the shell inside the target region. 
If the optical parameters, absorption and scattering coefficients, are temperature independent, 
the deposited energy will be the same at different temperatures and the PA signal generated will 
only depend on the Grüneisen parameter. If the temperature of the target region is constant, the 
Grüneisen  parameter and consequently the PAsignal will be constant. Decreasing the temperature 
of the intermediate medium will decrease the Grüneisen  parameter and consequently the PAnoise. 
SNR is defined as equation (8),  
noise
signal
PA
PA
SNR log10                                                                                 (8) 
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The changes in the SNR due to temperature change ( 12 TTT  )is: 
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It can be seen that if the temperature of the intermediate medium - the region outside the target – 
decreases, the SNR of the PA signal belong to the imaging target will be improved. 
The results obtained from an ultrasound imaging study done by Gerter et al., [35] and Clarke 
et al., [36] on the liver tissue showed no significant change in acoustic attenuation coefficient at 
temperatures close to 50 ºC; the changes were more significant for higher temperatures. This study 
did not include the results of lower temperatures. Bamber et al., [37] studied the temperature 
dependency of the acoustic attenuation coefficient in soft tissues, and showed that increasing the 
temperature from 10 ºC to 30 ºC, decreases the attenuation coefficient. 
There is only a few studies on temperature-dependence of the optical properties. Changes in 
the reduced scattering coefficient in temperatures above 55ºC are mostly related to substantial 
structural changes in the tissue, e.g., proteins coagulation [14, 38, 39], which is likely irreversible. 
Such changes do not occur at lower temperatures (< 55ºC). Laufer et al. reported a 0.5% ºC-1 
reduced scattering coefficient increase in dermis and 0.14% ºC-1 decrease in sub-dermis with 
changing the temperature from 25 to 40ºC [24]. They related different temperature dependency 
schemes to compositions of skin layers; dermis is largely composed of protein, and sub-dermis fat. 
Cletus et al. found a negative scattering coefficient change with temperature rise for intralipid [21], 
and Jaywant et al. reported a positive scattering coefficient change for bovine muscle [23]. They 
both are consistent with Laufer’s findings. Jaywant also found that there is only a slight change in 
the scattering coefficient of bovine brain tissue with the temperature rise [23] which can be due to 
the opposite effects of fat and protein scattering coefficient change with the temperature rise. Troy 
et al. reported a positive scattering coefficient change for prostate tissue [22]. Yeo et al. studied 
the porcine and found an increase in the scattering coefficient with the temperature rise [20]. 
Ouyang et al. studied the rat skin tissue and found a decrease in the scattering coefficient with 
temperature rise [8]. Jaywant [23] et al. observed a positive scattering coefficient change with 
temperature rise in the liver tissue, while Larina et al. [17] reported no change in the optical 
attenuation of liver tissue. Although, most of the studies reported changes in the scattering 
coefficient with the temperature change, are in agreement with each other, there are some 
6 
 
discrepancies in the literature. The reason for the discrepancies could be due to different condition 
of the tissue samples or the wavelength of light they have used. 
We use chicken breast tissue in our experiments as an intermediate medium, which contains 
protein. According to the literature [23, 24], for such tissue, we expect a decrease in the scattering 
coefficient as the temperature drops. With respect to absorption coefficient, there was no study 
showing a significant change in absorption coefficient of the tissue with temperature change [8, 
17, 22-24]. There is evidence that the absorption coefficient of water is changed with temperature 
[40, 41]. However, water is not the main absorber in the tissue and the absorption coefficient of 
tissue cannot be deduced solely based on the temperature dependency of absorption coefficient of 
water.  
There is a large body of literature, claimed that Grüneisen parameter is the major contributor 
in the PA signal change with the temperature [8, 10-18, 20]. The change of the Grüneisen 
parameter with the temperature is due to the temperature dependency of the thermal expansion 
coefficient. Larina et al., showed 1.5% ºC-1 increase in the Grüneisen parameter in a biological 
tissue [17].  
 
Methods 
Fig. 1 schematically illustrates the experimental setup to use photoacoustic tomography for imaging a target 
(black covered resistance heating wire) within chicken breast tissue. Quanta-Ray PRO-Series Nd:YAG 
laser (Spectra-Physics Inc., USA) in addition to VersaScan V1.7 optical parametric oscillator (OPO) 
(Spectra-Physics Inc., USA), with a pulse width of 7 ns and a repetition rate of 30 Hz is used as the light 
source. In this experiment, the illumination wavelength of 532 nm has been tested. An optical diffuser (grit 
number 240, Thorlabs Inc., USA) is used to homogenize the laser beam and make a uniform radiance on 
the phantom. As indicated in Fig. 1, the laser light is delivered to the tissue using a single large graded index 
plastic optical fiber (FiberFin Inc., USA) with the diameter of 12 mm and 2 meters length. The orientation 
of the light illumination is designed to have efficient light delivery to the tissue. To increase the temperature 
in the imaging target, we connected a DC power supply (PWS4721, Tektronix, USA) directly to it. The 
imaging target is a black covered resistance heating wire (Nickel-Chromium Alloy, 80% Nickel/ 20% 
Chromium, Omega®, USA). We control the temperature of the imaging target by adjusting the current on 
the power supply. A 1 amp current is applied to the imaging target for about 20 seconds so its temperature 
reaches around 37οC (body temperature), then decreased to 5 mA. Thermometer 1 (9940N, Taylor 
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Precision digital panel mount thermometer, USA) is attached to the wire to monitor the temperature of the 
wire. When the temperature dropped, we applied more current to the imaging target until it reached 37οC. 
We used an ultrasound linear array, ATL/Philips L7-4 (128 elements), with 5MHz central frequency for 
PA signal detection. The photoacoustic signals are acquired using 128-channel high frequency ultrasound 
system (Vantage, Verasonics Inc, USA). The amplitude of the recorded photoacoustic signal from each 
pulse is first compensated for the pulse-to-pulse fluence fluctuation, then the photoacoustic signal of each 
pulse is normalized to the maximum photoacoustic signal recorded. We altered the temperature of the water 
from 5°C to 35°C with 5°C increments. Thermometer 2 (TSP01, Thorlabs, USA) is used in the water tank 
for monitoring the water temperature. The Q-switch trigger output of the laser is used as a source of trigger 
to synchronize the photoacoustic data with the temperature acquisition. Since the temperature sensor and 
PA data acquisition are synchronized, we could readily acquire PA signal associated with a particular 
temperature. For each temperature increment, we collect ultrasound and photoacoustic images of the 
imaging target. At each acquisition, we collected 100 frames of US/PA data. 
 
Figure 1. Experimental setup of depth-temperature dependency in photoacoustic imaging. The imaging 
target (black covered resistance heating wire) is placed inside the chicken breast tissue at various distances 
(10 mm, 20 mm and 30 mm). Photoacoustic images are obtained at temperatures between 5°C and 35°C 
Power Supply
+-
Verasonics Vantage 
128 System & Host 
Computer
Thermometer 1
Water Tank
OPONd:Yag Laser
O
p
ti
ca
l F
ib
e
r
L7
-4
 T
ra
n
sd
u
ce
r
Monitor
Thermometer 2
Imaging Target
Chicken breast
8 
 
with 5°C increments. The imaging target’s temperature is controlled and kept constant at 37°C during the 
experiment. 
 
Results and Discussion  
Simulation study 
We performed the simulations at different distances from the illumination source (tissue depths): 5 to 30 
mm, at 5 mm increments, and at seven temperatures: 5°C to 35°C, at 5°C increments. Background medium 
was a slab homogenous tissue, with the optical properties similar to that of chicken breast tissue (µa = 0.3 
cm-1 and µs  ´= 10 cm
-1) [42]. A rod with 1 mm thickness was placed inside the tissue as the imaging target. 
Absorption coefficient of the target is set to 30 cm-1 to be much greater than intermediate medium. We used 
a homogenous light with a beam diameter of 1 cm for illumination. A transducer with 4 mm2 area is located 
on top of the sample and at the center.  
      The absorbed light energy is calculated by Monte Carlo simulations using MCX software [43]. The 
initial pressure, p0, is then computed as a product of the absorbed energy and Grüneisen parameter. 
Photoacoustic waves generated from the target and the intermediate medium are simulated using k-wave 
software [44]. 
To calculate the PA signal without any background noise (PAsignal), we measured the PA signal amplitude 
generated from the imaging target (PAtrue) embedded in an intermediate medium as well as the PA signal 
amplitude from the same location when the imaging target is removed, i.e., background signal (PAnoise). 
The PAsignal is then computed as PAtrue – PAnoise. The SNR of the PA signal is calculated by (10):  
      𝑆𝑁𝑅 =  10𝐿𝑜𝑔 |
𝑃𝐴𝑠𝑖𝑔𝑛𝑎𝑙(𝑡)
𝑃𝐴𝑛𝑜𝑖𝑠𝑒(𝑡)
|,          (10) 
Where t=z/v is the PA signal arrival time at the transducer plane, z is the depth where object is located at 
and v is the speed of sound in the intermediate medium. Fig. 2, shows the SNR of the PA signal at different 
temperatures and depths. 
       In the first set of simulations, the Grüneisen parameter of the intermediate medium is decreased with 
the temperature at a rate of 1.5%°𝐶−1 [17], while the scattering coefficient of the medium held constant 
(Fig. 2(a)). The Grüneisen parameter of the target is kept constant since its temperature is not changed. 
Although the absolute value of SNR is decreasing with depth due to light attenuation, decreasing the 
temperature of the intermediate medium leads to a SNR improvement. We observed that the PA signal 
(PAsignal) does not change with the temperature change of the intermediate medium. This was expected 
because the temperature (and the Grüneisen parameter) of the imaging target is constant. Moreover, the 
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scattering coefficient of the intermediate medium in this experiment is assumed to be constant at different 
temperatures, which results in the same fluence at the target. Therefore, the PAsignal becomes constant 
according to Eq. 2. We also observed a decrease in the background noise (PAnoise) when the temperature 
droped, and that resulted in a SNR increase. 
Fig. 2(b) shows the results for the second set of simulations where the scattering coefficient decreases with 
lowering the temperature with the rate 0.4% ºC-1 [24] while Grüneisen parameter remains constant. 
However these results demonstrate SNR improvement of PA signal with lowering the temperature, the 
improvement is less than that obtained in the first set of simulations. We observed that PAsignal increases at 
lower temperatures due to the greater fluence (as a results of lower light scattering) reaching the target. On 
the other hand, the background noise increases with lowering the temperature. Both effects become more 
significant at greater depths. 
Figure 2. Simulation results of SNR improvement of PA signal with lowering the temperature at different 
temperatures and depths. (a) Scattering coefficient is held constant while Grüneisen parameter is changed 
with temperature. (b) Scattering coefficient is changed with temperature while Grüneisen parameter is held 
constant. 
 
In the third set of simulations, the effect of temperature on Grüneisen parameter and scattering 
coefficient are taken into account (Fig. 3). These simulations demonstrate a better improvement in 
the SNR compared to the results in Fig. 2(a) and (b).  
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Figure 3. Simulation results of SNR improvement of PA signal with lowering the temperature at different 
temperatures and depths. Both scattering coefficient and Grüneisen parameter are changed with 
temperature. 
 
Experimental results 
We first explored the temperature dependence of photoacoustic imaging in a water phantom. The 
experimental setup in this case is the same as shown in Fig. 1 without chicken breast tissue. With this initial 
phantom, we then examined the depth-temperature dependence of PA signal SNR within a chicken breast 
sample. This study is to determine the practicality of the proposed method in biological tissues. Wayne 
State University Animal Care and Use Committee has approved the study. All methods are performed in 
accordance with the relevant guidelines and regulations. In the current work, the temperature of the imaging 
target i.e., covered resistance heating wire, is kept constant by thermal control of the target through an 
external circuit at 37°C. The temperature of the intermediate medium, on the other hand, is decreased 
gradually by implementing the experiment in a cooling water bath. 
Figs. 4 (a) and (b) present the PA images at 10°C and 35°C (of the intermediate media) projected onto the 
ultrasound images, when the imaging target is placed 30 mm inside the water and chicken tissue, 
respectively. During these measurements the temperature of the imaging target (the coated black wire) is 
kept constant at 37°C by thermal control of the target medium through an external circuit. In both cases, 
the low-temperature mediated enhancement of the photoacoustic imaging can be easily observed by 
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comparing the PA images at 10°C and 35°C. We used a double stage delay multiply and sum beamforming 
algorithm [45, 56] for image reconstruction. 
 
 
Figure 4. The PA images projected on the ultrasound (US) image is presented for the case of 30 mm 
imaging depth at low (10°C) and high (35°C) temperatures. The imaging target temperature during the 
imaging process is kept constant at 37°C. The intermediate medium is water in (a), and chicken breast 
tissue in (b). 
 
To be able to provide a quantitative comparison between the obtained images, we report, in Fig. 5, the SNR 
from the individual photoacoustic images. This value is calculated as: 
𝑆𝑁𝑅 = 10𝐿𝑜𝑔10 (
max (𝐼2)
𝜎𝑏
2⁄ )                                                      (11) 
where 𝐼 and 𝜎𝑏
2 indicate the peak intensity and the variance of the background in the image, respectively.  
The paramount feature in Fig. 5 is the enhancement of the SNR when the temperature of the intermediate 
medium is decreased. The SNR value is calculated for 100 frames in each experiment.  
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Figure 5. SNR of the imaging target (resistance heating wire) versus temperature at three different 
depths (10mm, 20mm, and 30mm) inside (a) water, and (b) chicken breast tissue. STD stands for 
standard deviation.  
According to the simulation results (Fig. 3), the changes of Grüneisen parameter with temperature is the 
dominant factor. In the first experiment, the intermediate medium is water, and in the second experiment is 
chicken breast tissue. The Grüneisen parameter of water decreases more rapidly compared to that of the 
tissue. That is probably due to the different tissue compositions’ thermal expansion coefficients in chicken 
breast tissue which are sometimes opposite [17]. This means that the background noise is also decreased 
more rapidly with lowering the temperature in water compared to that in the tissue, hence a more rapid 
change of SNR in the water experiment is seen.  
       Moreover, the absorption coefficient of water is varying linearly with temperature and becoming 
smaller as temperature decreases [40, 41]. When the intermediate medium is only water (Figure 5(a)), this 
change in absorption, although small, can affect the SNR in two ways: first, by increasing the PA signal 
generated from the medium which contributes into noise, and second by increasing the light attenuation 
and decreasing the PA signal generated from the target. In the tissue, water is not the main absorber and its 
absorption coefficient change is insignificant compared to the total attenuation coefficient of the tissue. This 
might be another reason for having smaller SNR changes in tissue compared to water.  
There are other methods for deep PA imaging such as optical clearing of bio-tissues. In this method, the 
scattering coefficient and the degree of forward scattering of photons are manipulated, by administering 
some chemicals to increase the light penetration inside the tissue [46-48]. This method is invasive and 
**
*
*
*
**
** *
**
* * * *
* *
*
*
*
**
*
**
**
*
13 
 
cannot easily be translated to the clinic [46]. Other methods based on wavefront engineering are 
computationally expensive and require costly setup [50]. In several studies, contrast agents have been 
utilized to increase the penetration depth of the PA imaging system [51,52]. Such methodologies make PA 
imaging an invasive technique. The method we explained here is simple and does not require any special 
equipment. 
      Since the suppressed laser absorption through the intermediate medium is a fundamental molecular 
characteristic, any photoacoustic configuration including different types of photoacoustic microscopy 
(PAM) and photoacoustic tomography (PAT) [53] can benefit from it. 
       The proposed approach provides a benchmark demonstration on improving the signal strength due to 
the two-step excitation of the absorber medium on one hand, and a better imaging depth due to the cooling 
of the intermediate medium, on the other hand. Laser cooling has not yet been extended to biological 
molecules because of their complex structures. However, this complexity makes biomolecules potentially 
good candidates for this purpose, due to possessing permanent electric dipole moments that lead to long-
range, tunable, anisotropic dipole–dipole interactions [54].  
      Some of the future studies include, developing PA spectroscopy to find the optimum wavelength at 
which the proposed method is most efficient; implementing laser refrigeration setup and creating a low-
temperature channel rather than bringing down the temperature of the whole intermediate media; exploring 
the most optimum ultrasound frequency in the detection unit; and exploring laser refrigeration in different 
configurations of PAI, i.e., PAM and PAT.  
 
Conclusion 
We demonstrated, through several sets of simulation and experiment, that the SNR of the photoacoustic 
signal generated from a black wire as an imaging target at different depths, is improved by lowering the 
temperature of the intermediate medium (from 35°C to 5°C) between the PA sensor and the target. Initially 
water was used as the intermediate medium, then chicken breast tissue. Simulations showed that the 
improvement is mainly due to the reduction of Grüneisen parameter of the medium which leads to a lower 
level of background noise. They also showed a decrease in the scattering coefficient of the intermediate 
medium which further improved the SNR of the PA signal. Since there was no evidence about how the 
absorption coefficient of tissue changes with temperature, particularly in the range of temperatures 
investigated in this study, the temperature dependence of the PA signal strength due to changes in 
absorption coefficient was not investigated. 
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Compared to other depth improvement methods in PA imaging, the method presented here does not require 
a complicated setup and it is still noninvasive. These findings may open new possibilities toward the 
application of biomedical laser refrigeration.  
 
Acknowledgement 
The authors acknowledge Wayne State University Startup fund.  
 
Author contributions 
M.R.N.A. and H.Z.J. conceived the study. H.Z.J., A.H., Q.X., and Y.Z. conducted the experiments. S.M., 
H.Z.J., Q.X., M.A.A. and M.R.N.A. analyzed the data. H.Z.J., S.M., A.H., Q.X., and M.R.N.A. wrote the 
manuscript and all authors participated in paper revisions. 
 
Competing financial interests:  
The authors declare no competing interests. 
 
References 
 
[1] Wang, X. et al. Noninvasive laser-induced photoacoustic tomography for structural and functional in vivo 
imaging of the brain. Nat. Biotechnol. 21, 803-806 (2003). 
[2] Hu, S., Maslov, K. & Wang, L. V. Three-dimensional optical-resolution photoacoustic microscopy. J. Vis. 
Exp. 51, 2729 (2011). 
[3] Meimani, N., Abani, N., Gelovani, J. & Avanaki, M. R. N. A numerical analysis of a semi-dry coupling 
configuration in photoacoustic computed tomography for infant brain imaging. Photoacoustics 7, 27-35 
(2017). 
[4] Wang, L. H. & Hu, S. Photoacoustic tomography: in vivo imaging from organelles to organs. Science 335, 
1458-1462 (2012). 
[5] Nasiriavanaki, M. et al. High-resolution photoacoustic tomography of resting-state functional connectivity 
in the mouse brain. PNAS 111, 21-26 (2014). 
[6] Hariri, A., Bely, N., Chen, C. & Nasiriavanaki, M. Towards ultrahigh resting-state functional connectivity 
in the mouse brain using photoacoustic microscopy. Proc. SPIE 9708, 97085A (2016). 
[7] Hariri, A., Fatima, A., Mohammadian, N., Bely, N. & Nasiriavanaki, M. Low cost photoacoustic 
spectroscopy system for evaluation of skin health. Proc. SPIE 9976, 99760X (2016). 
[8] Wang, L., Zhang, C. & Wang, L. V. Grueneisen relaxation photoacoustic microscopy. Phys. Rev. Letters 
113, 174301 (2014). 
[9] Shah, J. et al. Photoacoustic Imaging and Temperature Measurement for Photothermal Cancer Therapy. 
J. Biomed. Opt. 13 (3), 034024 (2008). 
[10]       Gao, L. et al. Single-cell Photoacoustic Thermometry. J. Biomed. Opt. 18 (2), 026003 (2013). 
[11] Ke, H., Tai, S. & Wang, L. V. Photoacoustic Thermography of Tissue. J. Biomed. Opt. 19 (2), 026003 
(2014). 
15 
 
[12] Petrova, E., Liopo, A., Nadvoretski, V. & Ermilov, S. Imaging Technique for Real-Time Temperature 
Monitoring During Cryotherapy of Lesions. J. Biomed. Opt. 21 (11), 116007 (2016). 
[13] Yao, D. & Wang, L. V. Measurement of Gruneisen Parameter of Tissue by Photoacoustic Spectrometry. 
Proc. SPIE 8581, 858138-1 (2013). 
[14] Soroushian, B., Whealan, W. M., & Kolios, M. C. Study of Laser-Induced Thermoelastic Deformation of 
Native and Coagulated Ex-Vivo Bovine Liver Tissues for Estimating Their Optical and 
Thermomechanical Properties. J. Biomed. Opt. 15 (6), 065002 (2010). 
[15] Yao, J., Ke, H., Tai, S., Zhou, Y. & Wang, L. V. Absolute Photoacoustic Thermometry in Deep Tissue. 
Opt. Lett. 38, 5228-5231 (2013). 
[16] Yao, D. K., Zhang, C., Maslov, K. & Wang, L. V. Photoacoustic measurement of the Gruneisen parameter 
of tissue. J Biomed Opt 19, 17007 (2014). 
[17] Larina, I. V., Larin, K. V. & Esenaliev, R. O Real-time Optoacoustic Monitoring of Temperature in 
Tissues. J. Phys. D Appl. Phys. 38, 2633-2639 (2005). 
[18] Sigrit, M. W. Laser Generation of Acoustic Waves in Liquid and Gases. J. Appl. Phys. 60 (7) (1986). 
[19] Ouyang, Q., Zhu, D., Luo, Q., Gong, H. & Luo, Q. Modulation of Temperature on Optical Properties of 
Rat Skin In vivo. Proc. SPIE 6534, 653431 (2007). 
[20] Yeo, C. et al. Development of an Optical Clearing Probe System. Journal of Optical Society of Korea 17 
(4), 289-295 (2013). 
[21] Cletus, B., Kunnemeyer, R., Martinsen, P. & McGlone, V. A. Temperature-Dependent Optical Properties 
of Intralipid Measured with Frequency-Domain Photon-Migration Spectroscopy. J. Biomed. Opt. 15 (1), 
017003 (2010). 
[22] Troy, T. L., Page, D. L. & Sevick-Muracana E. M. Optical Properties of Normal and Diseased Breast 
Tissues: Prognosis for Optical Mammography. J. Biomed. Opt. 1(3), 342-355 (1996). 
[23] Jaywant, S. B. et al. Temperature Dependent Changes in Optical Absorption and Scattering Spectra of 
Tissues: Correlation with Ultrastructure. Proc. SPIE 1882 (1993). 
[24] Laufer, J., Simpson, R., Kohl, M., Essenpreis, M & Cope, M. Effect of Temperature on the Optical 
Properties of Ex Vivo Human Dermis and Subdermis. Phys. Med. Biol 43, 2479- 2489 (1998). 
[25] Ku, G. & Wang, L. V. Deeply penetrating photoacoustic tomography in biological tissues enhanced with 
an optical contrast agent. Opt. lett. 30, 507-509 (2005). 
[26] Wang, Z., Ha, S. & Kim, K. A new design of light illumination scheme for deep tissue photoacoustic 
imaging. Opt. Express. 20, 22649-22659 (2012). 
[27] Song, K. H. & Wang, L. V. Deep reflection-mode photoacoustic imaging of biological tissue. J. Biomed. 
Opt. 12(6), 060503 (2007). 
[28] Chen, Y. S. et al. Silica-coated gold nanorods as photoacoustic signal nanoamplifiers. Nano. Lett. 11, 348-
354 (2011). 
[29] Simandoux, O., Prost, A., Gateau, J., & Bossy, E. Influence of nanoscale temperature rises on 
photoacoustic generation: Discrimination between optical absorbers based on thermal nonlinearity at high 
frequency. Photoacoustics 3, 20-25 (2015). 
[30] Zharov, V. P. Ultrasharp nonlinear photothermal and photoacoustic resonances and holes beyond the 
spectral limit. Nat. Photonics 5, 110-116 (2011). 
[31] Tian, C. et al. Dual-pulse nonlinear photoacoustic technique: a practical investigation. Biomed. Opt. 
Express 6, 2923-2933 (2015). 
[32]       Ishimaru, A. Wave Propagation and Scattering in Random Media. (Academic Press, 1978). 
[33] Ishimaru, A. Diffusion of a Pulse in Densely Distributed Scatterers. J. Opt. Soc. Am. 68, 1045-1050 (1978). 
[34] Furutsu, K. On the Diffusion Equation Derived from the Space-Time Transport Equation. J. Opt. Soc. Am. 
70, 360-366 (1980). 
[35] Gertner, M. R., Wilson, B. C. & Sherar, M. D. Ultrasound Properties of Liver Tissue During Heating. 
Ultrasound Med. Biol. 23 (9), 1395-1403 (1997). 
[36] Clarke, R. L., Bush, N. L. & Ter Harr, G. R. The Changes in Acoustic Attenuation Due to In Vitro Heating. 
Ultrasound Med. Biol. 29 (1), 127-135 (2003). 
16 
 
[37] Bamber, J. C. & Hill, C. R. Ultrasonic Attenuation and Propagation Speed in Mammalian Tissues as a 
Function of Temperature. Ultrasound Med. Biol. 5, 149-157 (1979). 
[38] Matthew, T. A., Qi, W., Robin, O. C. & Ronald, A. R. Thermal dose dependent optical property changes 
of ex vivo chicken breast tissues between 500 and 1100 nm. Phys. Med. Biol. 59, 3249 (2014). 
[39] Agah, R., Ganjbakhche, A. H., Motamedi, M., Nossal, R. & Bonner, R. F. Dynamic of Temperature 
Dependent Optical Properties of Tissue: Dependence on Thermally Induced Alteration. IEEE T. Biomed. 
Eng. 43, 8 (1996). 
[40] Langford, V. S., McKinley, A. J. & Quickenden, T. I. Temperature Dependence of the Visible-Near-
Infrared Absorption Spectrum of Liquid Water. J. Phys. Chem. A 105, 8916-8921 (2001). 
[41] Pegau, W. S., Gray, D. & Zaneveld, J. R. V. Absorption and Attenuation of Visible and Near-infrared 
Light in Water: Dependence on Temperature and Salinity. Appl. Optics 36 (24), 6035-6046 (1997). 
[42] Marquez, G., Wang, L. V., Lin, S. P., Schwartz, J. A. & Thomsen, S. L. Anisotropy in the absorption and 
scattering spectra of chicken breast tissue. Appl. Opt. 37, 798-804 (1998). 
[43] Fang, Q., & Boas, D. A., Monte Carlo Simulation of Photon Migration in 3D Turbid Media accelerated 
by Graphics Processing Units. Opt. Express 17 (22), 20178-20190 (2009). 
[44] Treeby, B. E., & Cox, B. T. k-Wave: MATLAB toolbox for the simulation and reconstruction of 
photoacoustic wave-fields. J. Biomed. Opt. 15 (2), 021314 (2010). 
[45] Mozaffarzadeh, M., Mahloojifar, A., Orooji, M., Adabi, S. & Nasiriavanaki, M. Double Stage Delay 
Multiply and Sum Beamforming Algorithm: Application to Linear-Array Photoacoustic Imaging. IEEE 
Trans. Biomed. Eng. (2017). 
[46] Ruikang, K. W. Signal degradation by multiple scattering in optical coherence tomography of dense tissue: 
a Monte Carlo study towards optical clearing of biotissues. Phys. Med. Biol. 47, 2281 (2002). 
[47]  Yang., J. et al. Motionless volumetric photoacoustic microscopy with spatially invariant resolution. Nat. 
Commun. 8(780) 2017.  
[48] Zhou, Y., Yao, J. and Wang, L.V. Optical clearing-aided photoacoustic microscopy with enhanced 
resolution and imaging depth. Opt. Lett. 38, 2592–2595 (2013) 
[49] Mohammadi-Nejad, A.R. et al. Neonatal brain resting-state functional connectivity imaging modalities. 
Photoacoustics  (2018). 
[50] Lai, P., Wang, L., Tay, J. W. & Wang, L. V. Photoacoustically guided wavefront shaping for enhanced 
optical focusing in scattering media. Nat. Photonics, 9, 126-132 (2015). 
[51] Weber, J., Beard, P. C., & Bohndiek, S. E. Contrast agents for molecular photoacoustic imaging. Nat. 
Methods 13, 639-50 (2016). 
[52] Oraevsky, A. A. Contrast agents for optoacoustic imaging: design and biomedical applications. 
Photoacoustics 3, 1-2 (2015). 
[53] Zhou, Y., Yao, J. & Wang, L. V. Tutorial on photoacoustic tomography. J. Biomed. Opt. 21, 61007 (2016). 
[54] Shuman, E. S., Barry, J. F. & DeMille, D. Laser cooling of a diatomic molecule. Nature 467, 820-823 
(2010). 
[55] Jacques, S. L. Coupling 3D Monte Carlo light transport in optically heterogeneous tissues to potoacoustic 
signal generation. Photoacoustics. 2, 137-142, (2014).  
[56] Mozaffarzadeh, M. et al. Linear-array photoacoustic imaging using minimum variance-based delay 
multiply and sum adaptive beamforming algorithm. J. Biomed. Opt., 23(2), 026002 (2018). 
